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Abstract—There has been an increasing interest in creating
short-range, low data rate, underwater wireless sensor networks
for scientiﬁc marine exploration and monitoring. However, the
lack of an inexpensive, underwater acoustic modem is preventing
the proliferation of these sensor networks. Thus, we are building
an underwater acoustic modem starting with the most critical
component from a cost perspective—the transducer. The design
substitutes a commercial transducer with a homemade transducer
using cheap piezoceramic material and builds the rest of the
modem’s components around the properties of the transducer to
extract as much performance as possible. This letter describes the
high level design, and cost and power characteristics of each of the
major modem components: the transducer, the analog transceiver,
and the digital signal processor of our modem prototype.

I. INTRODUCTION
HERE is increasing interest in the design and deployment
of underwater acoustic communication networks. For
example, the persistent littoral undersea surveillance network
(PLUSNet) demonstrates multisensor and multivehicle anti
submarine warfare (ASW) by means of an underwater acoustic
communications network [1]. A short-range shallow water
network to monitor pollution indicators in Newport Bay, CA, is
proposed in [2]. A network of acoustic modems akin to motes is
proposed for low power, short-range acoustic communications
for seismic monitoring [3]. A swarm of acoustically networked
autonomous drifters is envisioned to monitor phenomena as
they are subjected to ocean currents [4]. The proposed under
water communication networks need access to tens to hundreds
of inexpensive, low-power underwater acoustic modems, but
existing commercial modems are too expensive and power con
suming to be practical for these applications [5]. For example,
Linkquest, Benthos, and DSPComm underwater modems all
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Fig. 1. Major components of an underwater acoustic modem.

cost more than $8000 dollars [6]–[8], and require a minimum
of 4 W transmit power. In order to make more short-range
underwater acoustic communication networks a reality, the cost
and power consumption of underwater acoustic modems must
come down.
As shown in Fig. 1, underwater acoustic modems consist of
three main components: an underwater transducer, an analog
transceiver, and a digital hardware platform for control and
signal processing. The most costly component is the underwater
transducer as commercially available underwater omnidirec
tional transducers (such as those seen in existing research
modem designs [9]–[11]) cost from $2000 to $3000. Therefore,
much of the design for a low-cost modem lies in ﬁnding an
appropriate substitute for the custom commercial transducer.
Jurdak et al. substituted the transducer with generic, inexpen
sive speakers and microphones, but were only able to obtain a
data rate of 42 bits per second (bps) for a transmission range of
17 m [12]. Benson et al. substituted a custom transducer with a
commercially available ﬁsh ﬁnder transducer (which costs $50
dollars), but were only able to obtain a data rate of 80 bps for a
transmission range of 6 m [13].
Thus, in this letter we present an overview of the design of
an underwater acoustic modem starting with the most critical
component from a cost perspective—the transducer. The design
substitutes a commercial underwater transducer with a home
made underwater transducer using cheap piezoceramic material
and builds the rest of the modem’s components around the prop
erties of the transducer to extract as much performance as pos
sible. The goal of the design is to provide a low-cost, underwater
acoustic modem that will be suitable for short-range sensor net
work applications.
The rest of this letter describes the high level design, cost and
power characteristics of each of the major modem components:
the transducer (Section II), the analog transceiver (Section III),
and the digital signal processor (DSP) (Section IV). We con
clude with a summary of the cost and power characteristics of
the full design and a discussion of future work in Section V.

Fig. 2. From left to right: The raw piezoelectric ring ceramic, the potted ce
ramic, and the transducer in the potting compound mounted to a prototype plate
to be attached to a modem housing.
Fig. 4. Analog transceiver.

frequency of the transducer is 35 kHz with a
kHz bandwidth.
Calibration tests giving the transducer’s transmitting voltage
response (TVR) and receiving voltage response (RVR) indicate
it produces 140 dB re uPa/V/m at 35 kHz and receives
dB
re V/1 uPa. When produced in large quantities, the estimated cost
of the entire transducer including ceramic, potting, and labor is
less than $50 dollars.
III. ANALOG TRANSCEIVER
Fig. 3. Two transducers’ (T1, T2) impedance at various frequencies. The res
onant frequency occurs where the impedance ﬁrst reaches a minimum.

II. TRANSDUCER
Underwater transducers are typically made from piezoelectric
materials—materials (notably crystals such as lead zirconate ti
tanate and certain ceramics) that generate an electric potential in
response to applied mechanic stress and produce a stress or strain
when an electric ﬁeld is applied. The piezoelectric transducer
needs to be encapsulated in a potting compound to prevent con
tact with any conductive ﬂuids (Fig. 2). Commercial transducers
are expensive, on the order of thousands of dollars, due to timeconsuming characterization and the subsequent optimization of
the analog circuitry, which is further exacerbated by low volume
production. However, the raw piezoelectric materials themselves
are not very expensive and alternative cheaper, less accurate ways
of characterizing and manufacturing the transducers exist. The
key to our low-cost design is to forego a commercial underwater
transducer, and use a homemade one built from low-cost piezo
electric material. The rest of the system is built around the prop
erties of this inexpensive transducer to extract as much perfor
mance as possible.
Underwater transducers are typically omnidirectional in
the horizontal plane and do not transmit in the vertical plane
to reduce reﬂections off the surface and bottom [14]. This is
especially important for shallow water communications. Our
transducer uses a radially expanding ring that provides 2-D om
nidirectionality in the plane perpendicular to the axis. Our trans
ducer makes use of a $10 dollar Steminc model SMC26D22H13
SMQA lead zirconate titanate (PZT) ceramic ring and a two-part
urethane potting compound manufactured by Cytec Industries
(Fig. 2). This particular potting compound was chosen because
it has a density identical to that of water, which provides for
efﬁcient mechanical to acoustical energy coupling the water.
Experimental tests have shown the ceramic maintains a linear
output response up to 1000 V and 50 W. Frequency response
tests of two of our transducers (Fig. 3) indicate that the resonant

The analog transceiver (Fig. 4) consists of a high power trans
mitter and a highly sensitive receiver both of which are opti
mized to operate in the transducer’s resonant frequency range.
When produced in large quantities, the estimated cost of the
transceiver is $125 dollars. The transmitter and receiver portions
of the analog transceiver are described in more detail in the fol
lowing subsections.
A. Transmitter
The transmitter was designed to operate for signal inputs in a
range from 0 to 100 kHz. The architecture is unique as it con
sists of two different ampliﬁers working in tandem. The primary
ampliﬁer is a highly linear Class AB ampliﬁer that provides a
voltage gain of 23 while achieving a power efﬁciency of about
50%. The output of the Class AB ampliﬁer is connected to cur
rent sense circuitry that in turn controls the secondary ampliﬁer,
which is a Class D switching ampliﬁer. The Class D ampliﬁer
is inherently nonlinear, but possesses an efﬁciency of approx
imately 95%. With both of the ampliﬁers driving the load and
working together in parallel, the transmitter achieves a highly
linear output signal while maintaining a power efﬁciency greater
than 75%. Because of its high linearity, the transmitter may be
used with any modulation technique that can be programmed
into the digital hardware platform.
A power management circuit is provided to adjust the output
power in real-time to match it to the actual distance between
transmitter and receiver. The ability to provide a low-power
output has several important beneﬁts: less interference for
nearby ongoing communications; reduced noise pollution; and
considerable power savings. The current conﬁguration of the
transmitter is equipped with a power management system that
can switch between output levels of 2, 12, 24, and 40 W, which
is efﬁciently coupled into the transducer in over its operating
frequencies. The power management system has been designed
so that the transmitter will maintain maximum efﬁciency over
this wide range of power output levels. The system is controlled
by a low-current 5 V signal from the digital hardware platform
so that the power may be dynamically controlled for different
operating conditions.

B. Receiver
The receiver’s architecture consists of a set of narrow
(high-Q) ﬁlters with high gain. These ﬁlters are based on
biquad band-pass ﬁlters, and essentially combine the tasks of
ﬁltering and ampliﬁcation. The receiver is conﬁgured so that
it only ampliﬁes signals around 35 kHz (to match the resonant
frequency of the transducer), while attenuating low frequencies
at a rate of 120 dB per decade and high frequencies at rate of 80
dB per decade. The receiver must be able to amplify only the
frequencies of interest because of the large amount of noise as
sociated with underwater acoustic signals. The current receiver
conﬁguration consumes about 375 mW when in standby mode
and less than 750 mW when fully engaged. The relatively high
power consumption [in comparison to that of the Woods Hole
Oceanographic Institute (WHOI) Micromodem (200 mW)] is
a result of the receiver’s high gain (65 dB) which is capable
of sufﬁciently amplifying an input signal as small as 10 mcV
allowing the receiver to pick up signals at longer distances. An
ultralow-power wake up circuit will be added to the receiver
to considerably reduce power consumption. A few receiver
component values can be changed to widen its bandwidth
(but decrease its gain) to allow for transmission of modulation
schemes that require more bandwidth.

TABLE I
FSK MODEM PARAMETERS

Fig. 5. Block diagram of a digital underwater acoustic modem.
TABLE II
FPGA RESOURCE USAGE

IV. DIGITAL SIGNAL PROCESSOR
Our digital hardware platform makes use of reconﬁgurable
hardware, particularly a ﬁeld-programmable gate array (FPGA),
for all the digital signal processing and control required for the
modem. Reconﬁgurable devices provide a suitable digital hard
ware platform for the low-cost, low-power underwater acoustic
modem as they strike a balance between solely hardware and
solely software solutions. They have the programmability and
nonrecurring engineering costs of software with performance
capacity and energy efﬁciency approaching that of a custom
hardware implementation [17]. Reconﬁgurable systems are
known to provide the performance needed to process complex
digital signal processing applications and especially provide
increased performance beneﬁts for highly parallel algorithms
[15]–[18]. Furthermore, they are programmable allowing the
same device to be used to implement a variety of different com
munication protocols. Unfortunately, they require substantially
longer design time than a DSP.
We selected to implement frequency shift keying as our ﬁrst
physical layer communication protocol as it is a simple, but
robust modulation scheme that requires a small bandwidth (to
match the characteristics of our transducer and analog circuitry),
and has been widely used in underwater communications over
the past two decades due to its resistance to time and frequency
spreading of the underwater acoustic channel [9], [19]. Our de
sign platform is ﬂexible and can be used to accommodate other
modulation schemes in the future.
Table I shows the modem’s time and frequency parameters.
The “mark” frequency represents the frequency used to repre
sent a digital “1” when converted to baseband and the “space”
frequency represents the frequency used to represent a digital
“0” when converted to baseband. The sampling frequency is
used for sending and receiving the modulated waveform on the
carrier frequency while the baseband frequency is used for all

baseband processing. These frequencies were selected to pro
vide sufﬁcient oversampling of the desired frequency compo
nent while being integer multiples of one another.
Fig. 5. illustrates a block diagram of our FPGA implemen
tation of an FSK modem. The most complicated block of the
modem is the symbol synchronizer which is used to locate the
correct start of the data sequence to set accurate sampling and
decision timing for subsequent demodulation. The synchronizer
is based on correlation with a known reference sequence (a
15-bit Gold code translated to an FSK waveform where a “ ”
is represented with the space frequency and a “1” is represented
with the mark frequency). When the reference and receiving
sequence exactly align with each other, the correlation result
reaches a maximum value and the synchronization point is lo
cated. Details of the symbol synchronizer’s implementation can
be found in [20].
The design was implemented and successfully tested on a
DINI Group DNMEG AD-DA evaluation board [21]. Hard
ware simulation results with packet lengths of 10 000 symbols
achieved a bit error rate of
at 10 dB SNR. Transmitting at
35 kHz, given a transmit source level of 170 dB re 1 uPa and a
noise level of 50 dB re 1 uPa, using the passive sonar equation
with no directivity index, the signal may obtain 10 dB SNR
at 1140 m. Packets of 100 symbols were sent underwater in a
12-inch plastic bucket and achieved 0% bit error rate.
Table II shows the FPGA hardware resources required for
the components of the acoustic modem design with standard
optimization. These resources are reported for a Xilinx Spartan
3 xc3s4000 FPGA. The power consumption, determined by
XPower Estimator 9.1.03, is 0.379 W. The design offers a

TABLE III
ESTIMATED LARGE VOLUME COSTS

addition, further changes to the circuit design of the transceiver
will be made to further increase its efﬁciency.
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compact implementation capable of ﬁtting into a low-power
device that costs less than $70 dollars.
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